ABSTRACT
INTRODUCTION
The Physiome Project (Hunter, 2004) was established to develop tools to facilitate international collaboration and for sharing biological modeling efforts and experimental data. The CellML language (Lloyd et al., 2004) , based on eXtensible Markup Language (XML; http://www.w3.org/TR/2008/REC-xml -20081126/), was developed in response to the need for a highlevel language to represent and exchange mathematical models of biological processes. The CellML repository (Lloyd et al., 2008) contains over 360 models covering a wide range of biological processes including signal transduction pathways, metabolism, electrophysiology, calcium dynamics, immunology, the cell cycle, and smooth and skeletal muscle contraction.
The CellML specifications describe the rules for constructing models, encoding mathematics, embedding metadata, and processing models (Cuellar et al., 2003) . CellML models are constructed using a network of interconnected components (Supplementary Fig. 1) . A component is the basic unit of a CellML model, containing variables, mathematical equations (which define the relationships between the variables), units, and metadata (Cuellar et al., 2003) . Connections specify how variables are shared between the components. The components can be grouped to create a hierarchy to describe the physical structure of the model * To whom correspondence should be addressed.
(containment) or hide information about a set of components from the rest of the model (encapsulation). CellML imports provide a method to construct integrated models by reusing existing models in-part or in-whole, within new models.
CellML models do not capture biological information explicitly in their model properties. This feature of the CellML language enhances its flexibility, enabling it to describe a wide range of biological processes without the need to include a large number of domain-specific language constructs. The result of this, though, is that biological information, such as the entities and processes described by the model, are not represented or only weakly implied in the variable and component names. Physical data, such as units of measurement and type of mathematical formulation, are captured in the units of the variables and the structure of the mathematical equations. Complicated relationships often exist between the biological process and the mathematical model describing the biological process. A biological concept may be represented using several mathematical equations and variables, spread across multiple components, to form a complex CellML structure. It is a difficult task to pull together the relevant information to discover the underlying biology.
A parallel specification to the CellML/XML language specification, the CellML Metadata specification (http://www .cellml.org/specifications/metadata/cellml_metadata_1.0), provides a method for attributing extra information to CellML elements. The CellML metadata specification uses the Resource Description Framework (RDF) (http://www.w3.org/RDF/) and RDF Schema (RDFS) (http://www.w3.org/TR/rdf-schema/), which are standard formats based on XML, for describing metadata. A CellML-specific element, <cmeta:bio_entity>, is used to define biological entity metadata. A biological entity can refer to a human readable name, database identifier, or both. This provides a simple method for annotating CellML elements with biological data.
This kind of annotation only provides a simple labeling mechanism and fails to capture the relationships between biological processes and entities. One could argue that information about these relationships is captured implicitly in the 'connection' structures of CellML that represent the transfer of quantities between mathematical operations. But transforming such information into meaningful biological descriptions is very complex; it also misses the intention here which is to help the author to accurately describe the biological knowledge or intention of the mathematical model they are presenting.
Ontology is a formal representation of a set of concepts, and the relations between those concepts, within a specific domain of knowledge. It defines a common vocabulary and set of rules to unambiguously represent information (Noy and McGuinness, 2001) . Formalizing data in an ontological format involves clearly identifying concepts, defining the characteristics of these concepts, providing specific instances of the concepts, and describing ways in which concepts and instances can be related.
Biological ontologies are being used to define a standard representation of biological models (Stevens et al., 2000) . There exist many biological ontologies which capture different domains of biology. Ontologies that are particularly relevant to the annotation of physical and biological concepts modeled in CellML include:
(1) BioPAX ontology-which describes metabolic pathway data, molecular binding interactions, hierarchical pathways and some signal transduction pathway and gene regulatory network concepts (http://www.biopax.org/);
(2) Foundational model of anatomy ontology (FMA)-which captures the structural relationships between the organs and tissues of the human body (Rosse and Mejino, 2003) (http://sig.biostr.washington.edu/projects/fm/); (3) Gene ontology (GO)-which represents genes, gene products, and gene sequences of a variety of plant, animal and microbial genomes (Ashburner et al., 2000) (http://www.geneontology.org/); (4) NCI thesaurus-which provides a reference terminology for describing cancers, drugs, therapies, anatomy, genes, pathways, cellular and subcellular processes, proteins, and experimental organisms (Sioutos et al., 2007) (http://nciterms.nci.nih.gov/NCIBrowser/Dictionary.do);
(5) Systems biology ontology (SBO)-which addresses biological concepts related to computational modeling (Novère, 2006) (http://www.ebi.ac.uk/sbo/).
A controlled vocabulary is an organized list of terms that are used to annotate data so that they can be easily retrieved. The ontologies listed from 2 to 5 provide controlled vocabularies which could be used for annotating CellML structures representing biological entities and processes or, as in the case of SBO, can also be used to annotate the physical concepts such as quantitative parameters and mathematical expressions modeled in CellML. Such an annotated CellML model can often result in an overcomplicated representation of the underlying biophysical concepts. The notion of 'views' can be useful here to refer to simplified representations of the complex annotated CellML models. One such view would be a 'biological view' that explicitly shows the biological processes and entities, and the relationships between them. However, these ontologies alone do not provide the means for creating a biological view, which can be used to show the underlying biological concepts and relationships captured in a CellML model. Whereas BioPAX describes biological concepts in such a way that a biological view can be built. BioPAX provides a set of classes that can be used to model a large number of the biological process and entity types described in CellML models. The process types include transport, covalent, non-covalent, and modulation interactions. The entity types include protein, complex, small molecule, RNA, and DNA. Supplementary Fig. 2 shows the way in which BioPAX can be used to build an abstract model of the formation of cyclic adenosine monophosphate (cAMP) (Kamp and Hell, 2000) . A limitation of BioPAX at present is that, while it captures the concepts and relations surrounding biochemical pathways, it does not provide an equally rich set for electrophysiological concepts. For example, BioPAX cannot be used to represent a transport process via a voltage activated gated channel. Even though BioPAX can be extended to support the modeling of electrophysiological processes, the difficulty is that these concepts have to be recast in the form of biochemical mechanisms, which is often not the relevant interpretation required by the modeler at the point of annotation.
Although it is possible to add biological meaning to CellML elements by mapping each component to a BioPAX process instance and each variable to a BioPAX entity instance, the semantic differences between BioPAX and CellML models make it harder to establish a one-to-one relationship with BioPAX instances and CellML elements. For example, the components in a CellML model that do not have any biological meaning (i.e. components calculating rate constants) cannot be mapped to a BioPAX instance. Furthermore, without an explicit mapping between CellML and BioPAX, it makes it harder to understand the relationship between the CellML elements and BioPAX instances. These limitations make it difficult to adopt BioPAX as a standard to annotate the biological and physical concepts modeled in CellML.
Hence, in the absence of an existing ontology which is capable of fully annotating a CellML model with physical and biological information, we were compelled to develop our own ontological framework. Here we describe the process of developing such a framework which is designed to structure the biophysical concepts captured in CellML models and allow modelers to explicitly annotate a CellML model with physical and biological information. The annotated information is used to help users to clearly indentify the underlying physical concepts captured in the CellML model, without the need to go through all the individual CellML elements. Similarly, the same information can also be used to construct a biological view of the CellML model.
METHODS
Our ontological framework is modeled using the Web Ontology Language (OWL) (http://www.w3.org/TR/owl-features/). OWL is a knowledge representation language which is based on RDF/RDFS. It provides additional modeling concepts along with formal semantics when compared with XML and RDF. OWL can be used to represent concepts, relations between them, and identify members of these concepts. The OWL properties describe the relationships between instances or constraints defining necessary and sufficient conditions for being classified as a member of a class. This class-based knowledge representation enables automated reasoning to check the consistency of models. OWL also provides the basis for efficient querying mechanisms and, furthermore, it can easily be integrated with other ontologies.
OWL has three sublanguages: OWL-Lite, OWL-DL and OWL-Full. OWL-Lite can be used to construct a classification hierarchy and simple constraints with limited expressiveness. OWL-DL is conceptually based on descriptive logic and supports maximum expressiveness while maintaining computational completeness and decidability. OWL-Full supports maximum expressiveness with no computational guarantees. We use OWL-DL to construct our ontologies to take advantage of its ability to model incomplete and irregular knowledge, which is well suited for modeling biological facts (Stevens et al., 2007) .
The process we describe here for the construction of a biological view of a CellML model involves three steps:
(1) Transformation of the CellML/XML model into an OWL format (CellML/OWL). This uses an ontology for representing CellML models and a method for binding elements of these back to the CellML/XML model;
(2) Annotation of the CellML/OWL model to an OWL model of biophysical concepts. This involves developing an ontology that represents the physical and biological concepts that are described in CellML models (CellMLBiophysical/OWL);
(3) Simplification of the CellMLBiophysical/OWL model using the ontological mappings, in combination with a set of graph reducing rules, to represent the underlying biological view of the CellML model.
Transformation of a CellML/XML model into a CellML/OWL model
The CellML/OWL ontology represents a CellML/XML model in OWL ( Supplementary Fig. 3 ). CellML/OWL models are created by a programmed transform that for each element in the CellML/XML model, creates the analogous representation in the CellML/OWL model. CellML/XML imports declare relations to other models and references components intended to be imported when the model is instantiated in a simulation/processing software (http://www.cellml.org/tools). If these declarations are mirrored in the CellML/OWL model, we would have a list of imported models and components. The imported components can be annotated using the Import elements, but it is impossible to annotate separate instances of variables defined within the imported components. As a result the CellML/OWL model represents the full instantiation such that all import references are resolved into explicit instances of components within the model. It is important to note that the implicit imports supported via encapsulated groups are not expressed as explicit instances in the CellML/OWL model.
The Import class in the CellML/OWL ontology should not be confused with owl:import statements in the OWL language. OWL refers to imports as importing concepts and relations from other resources. In CellML/OWL, the import class represents the result of importing components in models referenced in the CellML/XML import declarations. The CellML/OWL model stores instances of imported components inside the current model allowing users to annotate variable metadata and imported components with respect to the importing model.
In order to express biophysical concepts that the CellML Component, Connection and Variable elements represent, we define the property hasPhysicalProcess, hasMathematicalEquality and hasPhysicalEntity, respectively, in these classes. The process of defining values for these is explained in step 2.
The transformation of CellML/XML into CellML/OWL does not currently include metadata elements. Including these could provide some value and would make the transformation more complete.
Instances of every OWL class require a unique identifier which is declared as an rdf:ID in the OWL/XML syntax. The CellML metadata specification defines a cmeta:id attribute to uniquely identify CellML elements (http://www.cellml.org/specifications/metadata/cellml_metadata_1.0). The values of cmeta:id can thus be used as the rdf:ID in the CellML/OWL model instances. It is important to note that the imported components have cmeta:ids associated to them within the imported statement which is different to any existing cmeta:id that may exist on the component in the original model. As imported variable and math elements are not uniquely identified within a particular CellML model description, additional processing is required to create rdf:ID values for these elements. The formula for creating the rdf:ID values for imported variable and math elements is: rdf:ID of imported variable/math = {cmeta:id of imported component}+ "_"+{cmeta:id of variable/math defined in the imported model}.
CellML/OWL models are generated from CellML/XML models by traversing through the XML Document Object Model (DOM) and creating CellML/OWL instances. The generated CellML/OWL model instances are mapped to the original CellML model using the RDF. The RDF statement explicitly maps a CellML cmeta:id to a CellML/OWL rdf:ID. The RDF statement has:
• a subject: http://www.sarala.bioeng.auckland.ac.nz/example.cellml#A_A;
• a predicate:http://www.sarala.bioeng.auckland.ac.nz/cellmlowlbinding.rdf #cbinding;
• an object: http://www.sarala.bioeng.auckland.ac.nz/example.owl#A_A.
This maps CellML variable with cmeta:id A_A to CellML/OWL instance with rdf:id A_A ( Supplementary Fig. 4 ). The CellML/OWL model is stored in a separate OWL file and the RDF references are written back to the CellML/XML file.
Annotation of a CellML/OWL model to a CellMLBiophysical/OWL model
Now that we have the model represented in CellML/OWL, the next step is to define the physical and biological information the elements of the model represent. To support this, CellMLBiophysical/OWL ontology was developed. It includes two ontologies, Physical and Biological. The Physical ontology captures the physical quantitative information and concepts captured in mathematical expressions. The Biological ontology captures the biological entities and processes. The CellMLBiophysical/OWL model defines the concepts and relations both within and between these ontologies ( Supplementary Fig. 5 ).
The process of attributing physical and biological concepts to the CellML elements in CellML/OWL is a two-step process:
(1) Attributing physical meaning to the variables and components in the CellML/OWL model;
(2) Attributing biological meaning (where relevant) to the physical attributes defined in (1).
Annotating physical information
Physical concepts are mapped in a one-to-one relationship between the CellML elements (components, variables and connections) in the CellML/OWL model and the physical concepts defined in the Physical subclass tree. Here we describe the physical concepts modeled in CellML models explicitly by treating:
• every variable as a physical entity to capture the quantitative data defined in units of the variables;
• every component as a physical process to capture the type of mathematical formulations defined within components.
These concepts are represented by the PhysicalEntity and PhysicalProcess classes. Instances of these classes form the values of the hasPhysicalEntity and hasPhysicalProcess properties within CellML/OWL models. In order to support the complete transformation of all the information in a CellML model, the connections are also treated as a process of equivalence (MathematicalEquality). The Physical subclass tree also captures the relationships between variables, components and connections. Every component defines a set of variables and every connection contains mappings between variables in two components. These are captured by the physicalEntity property defined in the PhysicalProcess class. This effectively creates a process-entity graph ( Supplementary Fig. 6 ).
The subclasses of the PhysicalProcess class are intended to define physical processes commonly modeled in CellML. These include:
• MassActionKinetics-components describing mass action kinetics;
• EnzymeKinetics-components describing enzyme kinetics;
• Pooling-components with integrators;
• IonicCurrent-components calculating ionic currents;
• NernstPotential-components calculating Nernst potentials;
• PotentialDifference-components calculating potential differences;
• RateConstant-components calculating rate constants;
• ConversionFactor-components calculating conversion factors;
• Parameter-components providing parameters;
• MathematicalEquality-CellML connections.
The subclasses of the PhysicalEntity class define terms representing the physical dimensions of the variables in the CellML model. These include: Area, Capacitance, Concentration, Conductance, Constant, Current, Dimensionless, Flux, Stoichiometry, Time, Voltage and Volume.
A CellMLBiophysical/OWL model is programmatically generated, which consists of instances of PhysicalProcess and PhysicalEntity classes, and the relationship between them. These instances need to be specialized to the relevant subclasses manually using the classes supported by the Physical subclass tree. Model developers can use external tools, such as Protégé (http://protege.stanford.edu/) or SWOOP (http://www.mindswap.org/2004/SWOOP/), to complete this task.
Annotating biological information
The result of the previous step is a physical process entity graph that needs to be annotated with biological information. Biological concepts are mapped in a one-to-many relationship to instances of PhysicalEntity and PhysicalProcess, i.e. multiple physical entities can point to the same biological concept. The biological subclass tree of the CellMLBiophysical/OWL ontology has been developed to capture the biological concepts covered in the example models used in this work. This includes biological processes (BiologicalProcess) that occur between entities (BiologicalEntity), function of participation (BiologicalRole) of a biological entity in relation to a particular process, and a specific location (BiologicalCompartment) of the entity in a biological system.
The PhysicalProcess instances that have biological significance are annotated with BiologicalProcess instances via the refBioProcess property ( Supplementary Fig. 7 ). The BiologicalProcess class is subdivided into:
• BiochemicalReaction-to capture reactions where one or more biological entities undergo covalent changes to form one or more different biological entities;
• Transport-to describe the transport of biological entities from one compartment to another compartment; • ComplexAssembly-to capture the reactions where complexes are formed via non-covalent interactions.
If a particular PhysicalProcess instance is mapped to a biological process instance, then this instance must have at least one PhysicalEntity instance which, in turn, has mappings to both BiologicalEntity and BiologicalRole instances ( Supplementary Fig. 7 ). This is important as the aim is to develop a biological view that represents the underlying relationships between biological processes and entities. It is also important to note that the biological view is 'connected' by way of the connectivity of the physical model. The PhysicalEntity instances that have biological significance are annotated with BiologicalEntity instances via the refBioEntity property. The BiologicalEntity class is subdivided into:
• Complex-to capture the biological entities bound together by noncovalent links;
• Protein-to describe the biological entities with a sequence of amino acids;
• SmallMolecule-to capture bioactive molecules that are not peptides;
• PhysicalFactor-which captures physical factors such as voltage.
In cases where these PhysicalEntity instances are mapped to PhysicalProcesses with a biological significance, they may also be annotated with a BiologicalRole instance ( Supplementary Fig. 7 ). The BiologicalRole class is subdivided into:
• Modifier-which captures the modification types such as activator, catalyst and inhibitor;
• Reactant-which describes reactants;
• Product-which captures the reaction products.
These PhysicalEntity instances may also be annotated with a BiologicalComparment instance via the refBioComparment property to capture the location of the biological entity. The choice of physical and biological subclasses here serve only to reflect those necessary for the examples in this work and additional examples such as G protein-coupled receptor (GPCR) cycle described by Cooling et al. ( 2007) . These examples are included in the CellMLViewer application download archive at http://www.cellml.org/downloads/cellml-viewer/releases/1.0rc1. In practice, these classes would be expanded, where the goal is to reflect all those concepts relevant to all models in the repository.
Simplification of a CellMLBiophysical/OWL model
The result of the previous step provides a complete representation of all physical entities, processes, and interpretations of these into biological entities, processes, and roles. For even simple CellML models, the result can have a very large and complex looking biophysical representation. Here we describe a method to reduce this complexity to produce simplified views by implementing a graph reduction algorithm.
The aim is to collapse the process-entity graph by:
• simplifying the graph consolidating sub graphs or groups of nodes;
• ensuring there is no loss of information in this process.
We have identified four collapsing rules which depend on the relationships between entities and processes. The meaningfulness and validity of applying these to a particular instance is based on the ontological information. The four collapsing rules and the cardinality constraints are:
(1) entity(1*)-process(=1)-entity(1*) can be collapsed into an entity;
(2) process(1*)-entity(=1)-process(1*) can be collapsed into a process;
(3) terminal_entity(1*)-process(=1) can be collapsed into a process;
(4) terminal_process(1*)-entity(=1) can be collapsed into an entity.
[(1*) -one-to-many, (1=) -exactly one, terminal entities refer to entities that are connected to only one process, and terminal processes refer to processes that are connected to only one entity]. These rules are then applied to a selected set of nodes in the process-entity graph on the basis of their ontological properties. We have identified a set of specific cases that are used in the example models:
(1) a MathematicalEquality process (rule 1); (2) a processes which has entities mapped to the same biological term such as Pooling processes which capture integration of N fluxes of a particular biological entity to produce its concentration (rule 1);
(3) entities connected to processes which map to the same biological process (rule 2) because these processes together describe a particular biological term;
(4) entities and processes which are not associated with biological meaning such as time (rule 3 and 4);
The application of the rules is selective and manual, allowing a user to highlight particular details and hide others. Applying these rules in the same order provides a consistent output. However, applying these rules in a different sequence can result in different outputs, implying that a particular CellMLBiophysical model can have multiple biological views.
Applying the reduction process to the annotated CellMLBiophysical/OWL model involves three steps:
(1) Creating a generic node graph with a reference to the original physical instances. This is illustrated by the dotted lines between the CellMLBiophysical/OWL model and generic model in Supplementary Figure 8; (2) Applying the rules recursively to collapse the generic node graph. The starting node of the graph is arbitrary but the node type depends on the rule. For example when applying rule 1, the starting node can be any generic node that references the MathematicalEquality (case 1);
(3) Each iteration creates a new generic node graph to store the output from each step.
When the generic nodes are collapsed, the references to the physical entity and process instances are accumulated in the new generic node. The generic node thus retains enough information to build a conceptual representation of what entities and processes (physical or biological) make up a node. A GenericNode class has been introduced to the CellMLBiophysical/OWL ontology to store the generic node graph ( Supplementary Fig. 5 ). It has the following set of properties: name: which refers to the name of the generic node; connects: which references connected generic nodes; and refPhysical: which refers to the accumulated physical nodes. Each of these physical nodes points to a particular biological concept. Each generic node graph is saved in a separate OWL file which imports the CellML/OWL model.
RESULTS
Here we illustrate the process for annotating CellML models and applying the reducing rules to generate the underlying biological views using a simple example.
The classic 1952 Hodgkin-Huxley model (Hodgkin and Huxley, 1952) describes the initiation and propagation of action potentials in squid giant axons. The model describes the flow of sodium and potassium ions through the cell membrane via voltage-dependent gated sodium and potassium ion channels, respectively. It also accounts for ion flow through other channel types as a leak current. This section focuses on annotating and representing the flow of potassium ions (K_Ionic_Flow). The process of annotating and representing the complete Hodgkin Huxley model is illustrated in Supplementary Figures 9 and 10. 
Representing the K_Ionic_Flow model in CellML
The model is first represented in CellML by structuring it in such a way that best describes the biophysical concepts and abstractions ( Supplementary Fig. 11 ) (Wimalaratne et al., 2008) . It is built using generic components, multiple levels of imports, and encapsulation. The top level K_Ionic_Flow model defines a set of components which describe:
• potassium Nernst Potentials (K_Nernst_Potential);
• potassium currents through a potassium channel (K_Channel,);
• membrane potential and the rate of change of voltage (Mem_Potential and V);
• constant values, initial values, and time (Constants, Initial_Values, and Time).
The K_Channel component is imported from the K_Ionic_Current model, and encapsulation is used to group the components that describe the potassium current through a gated potassium channel. The encapsulated group consists of a K_Conductance component to calculate the potassium conductance, an Ionic_Current component to calculate the potassium ionic current, a Gate component to model the n gate, an Integrator component to calculate the rate of change of the gate activity over time, and a Fast_n_Gate component to provide the necessary parameters for calculating the rates of opening and closing of the n gate. The parent K_Channel component represents the interface that makes the encapsulated child components visible to other external models.
Translating the K_Ionic_Flow CellML model into a CellML/OWL model
The resulting CellML/OWL model defines an OWL instance for each CellML element described in the top level K_Ionic_Flow model. It also defines instances for the explicitly imported components, variables, and mathematics such as the K_Channel. It does not define instances for implicitly imported components, variables, mathematics and connections such as the components grouped using encapsulation.
Annotating the K_Ionic_Flow CellML/OWL instances to CellMLBiophysical/OWL instances
The annotated CellMLBiophysical/OWL model created for the K_Ionic_Flow model is shown in Figure 1a . Figure 1a also shows the biological annotations for the K_Ionic_Flow model. The gate n is identified as a protein state. The potassium current is identified as a transport process. The Ek instance mapped to the K ionic current is also mapped to the K (BiologicalEntity), reactant (BiologicalRole), and IC (compartment) instances.
Simplifying the K_Ionic_Flow CellMLBiophysical/OWL model to show the biological view
The CellMLBiophysical/OWL model is collapsed by applying the reducing rules described in Section 2.3. Figure 1b shows the resulting biological view that is generated for the K_Ionic_Flow example. Each node points to a biological annotation via the biophysical relationships. For example node 3 in the diagram references physical instances that are mapped to the K_Transport biological instance. This biological view essentially captures the underlying biological concepts described in the K_Ionic_Flow model. The order of specific cases that are used to collapse this model includes:
• collapsing all the MathematicalEquality processes ( 
DISCUSSION
Here we have presented a method for the incorporation of ontologies with CellML that can be used to annotate the biophysics of a model, and generate ontological representations, to highlight the underlying biological view.
Our ontological framework provides a fully integrated system, allowing modelers to traverse between models. A CellML/OWL model provides the necessary layer for integrating a CellML model with a CellMLBiophysical/OWL model which explicitly captures the physical and biological concepts. The CellMLBiophysical/OWL model is then collapsed to generate a biological view which is much easier to interpret. The biological view contains links to the collapsed biophysical instances which have one-to-one relationships with the CellML/OWL component, variable, and connection instances. This allows modelers to trace back to the original CellML elements from a particular biological view.
The CellMLBiophysical/OWL model explicitly identifies the physical concepts in the CellML model. This makes it easier for readers to identify the computational modeling constructs used in the model. For example, the K_channel component is typed as an IonicCurrent identifying that the component is responsible for calculating a current generated by an ion flow. The K_channel component does not contain any mathematics itself, but instead it encapsulates a set of components that are involved in calculating the current flow through the potassium channel.
Even though the K_Ionic_Flow CellMLBiophysical/OWL model ( Figure 1a) captures the biological concepts it is difficult for readers to interpret the underlying processes. The graph reduction rules reduce the complexity of the annotated K_Ionic_Flow model by collapsing together the physical instances that point to identical biological concepts. The resulting biological view (Figure 1b) shows a simplified representation of the underlying biological concepts by highlighting the transport processes, gated channels, and the relationships between them.
The ontology based rules for applying the generic rules that we have identified can be used to apply the reduction rules to collapse most of the signal transduction pathway and electrophysiological models. These can fail when applied to other types of models described in the CellML model repository. However, more specific cases can be identified by applying it to different types of models. Due to the wide range of models in the CellML model repository, it may not be possible to come up with a generic set of cases to collapse all models but a set of specific cases depending on the model category.
Note that the rules we have identified are used to simplify the process-entity graph using the biological annotations in this work. The advantage of this rule set is that these can be applied to simplify the process-entity graph using a different context by identifying specific cases. As research continues, it is one our goals to annotate the CellMLBiophysical/OWL models with mathematical constructs which can be used to reduce the complexity of a CellML model.
The biological and physical annotations depend on the modeler's interpretation of the model. The reducing rules depend on the biophysical annotations. Having different annotations may result in different biological views. This allows modelers to change the annotations to emphasize or hide details. Modelers can also choose the order of graph reduction rules applied. By changing the order of rules, it is possible to generate different biological views for some models. A particular CellML model may thus have multiple biological views.
The topology of the biological view also depends on the topology of the CellML model. The CellML model structure has a direct effect on the topology and complexity of the CellMLBiophysical/OWL model. If a CellML model is incomplete or invalid, the generated CellMLBiophysical/OWL model might be difficult to annotate with biological concepts, resulting in an uninteresting collapsed model. When building the topology of the CellML model, the modeler thus needs to reflect the biophysical abstractions that she is trying to communicate (Wimalaratne et al., 2008) . Note that this process also helps modelers to construct modular CellML models by clearly separating out the underlying biophysical concepts.
The K_Ionic_Flow model example shown here demonstrates the way in which the CellML models can be collapsed to represent the underlying biological concepts without any loss of information. The CellML models are structured to clearly separate the biophysical concepts. This is reflected in the resulting CellMLBiophysical/OWL model, as highlighted in the dotted areas ( Figure 1a) . Note that the CellMLBiophysical/OWL model does not capture implicitly imported encapsulated concepts such as the details of calculations of the gated channel. However, it does identify the explicitly imported variables such as n-gate, which is typed as a Dimensionless instance in the physical domain and Protein in the biological domain.
The CellMLBiophysical/OWL and BioPAX both can be used to develop biological views but the way in which the views are represented is different. BioPAX represents a biological process as having properties directly specifying participants. In contrast, in CellMLBiophysical/OWL, the biological participants of a process are reached indirectly through the physical entity instances. Even though this makes querying of biological data more complex, it supports querying of physical concepts captured in CellML models.
The CellMLBiophysical/OWL ontology does not provide a complete ontology for annotating all the CellML models in the repository. It supports most of the biophysical concepts covered in signal transduction pathway and electrophysiological models. However, it can also be extended to support additional biophysical concepts and relationships by introducing new classes, properties, and restrictions. The CellMLBiophysical/OWL models can also be annotated against external ontologies and vocabularies to take advantage of existing knowledge definitions. Every class within the CellMLBiophysical/OWL ontology has an xref property to enable the model developer to map the class to an external resource such as terms in GO or SBO. For example annotating a BiologicalEntity instance against the voltage-gated sodium channel complex in the cellular component ontology in GO provides information about the BiologicalEntity instance, such as it is a protein complex and part of the plasma membrane. SBO can be used to annotate the physical entity and process instances with quantitative parameter concepts and mathematical expression concepts, respectively, to provide physical significance. The biological entity and process instances can be annotated with SBO participant concepts and event concepts, respectively, to provide additional biological meaning.
One of the advantages of the CellML import element is the ability to reuse previously defined models in new model descriptions.
As mentioned in the Section 2.1, OWL:Import cannot be used to achieve the same semantic results. It is feasible to achieve the same modular approach in OWL without using a domain specific CellML import concept by introducing meta-classes/meta-models which could then be used to build OWL models. However, this was not addressed in this work as the intension of our work was to reflect the CellML/XML in OWL to provide a method to attribute properties to the CellML elements.
The workflow discussed in this article, involves programmatic and manual manipulation of the models. A software package has been developed to programmatically generate the ontological representations of a CellML model. The package is developed in Java to run on any platform. Currently it has only been tested on Windows but as research continues this tool will be tested in other environments. This tool is freely available at http://www.cellml.org/downloads/cellml-viewer/releases/1.0rc1. The manual process includes the construction of the CellML model and its subsequent annotation. The generated CellMLBiophysical/OWL model needs to be manually annotated with specific physical and biological concepts using external OWL editors such as Protégé (http://protege.stanford.edu/). It is our intension to replace these manual processes with automated processes in order to support the effective programmatic construction of biological views. The construction of CellML models can be further improved by introducing a library of reusable components and models (Wimalaratne et al. 2008) , whilst the annotation process can be improved by implementing a method for variable typing, and unit and process translation by using an ontological representation of mathematical equations.
The outcome of this research offers an extensible ontological framework which allows modelers to:
• build CellML models by abstracting biophysical concepts;
• annotate the CellML models with physical and biological concepts;
• reduce the complexity of the underlying biophysical model by generating a simplified biological view;
• integrate CellML models with external controlled vocabularies and other modeling standards.
